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Abstract 
Surfactant Polymer (SP) flooding is a tertiary oil recovery process involving injections of chemical products in a 
reservoir and can improve significantly the final recovery. In order to use it in the most efficient and economic 
way, one needs to have a thorough understanding of all the chemical interactions and mechanisms taking place 
during the process. This study reviews the process and its mechanisms in a first time and explains its capcity to 
mobilize remaining oil in a reservoir.  
To use SP flooding on a reservoir, it is also necessary to have the best possible evaluation and prediction of the 
process. This is done through simulations on UTCHEM but chemical flooding requires a very large number of 
cells in order to reproduce accurately all the mechanisms taking place. The problem is that these simulations are 
very intense computationally and the model used need to be upscaled. But mechanisms taking place in chemical 
flooding are complex and upscaling is not easy. This can be done by examining the scale dependence of the 
parameters involved to determine which ones have to be upscaled. A method proposed by Delshad et al. (2010) to 
upscale effective salinity is reviewed in this paper. However, this technique is not physically correct as it modifies 
the optimum salinity which is a fundamental phase behavior parameter. 
From the findings of this paper, the scale dependence of dispersion is investigated. By the understanding of its 
model in UTCHEM, its parameters have been investigated through different SP simulations in a core at different 
grid block sizes. This study shows the scale dependence of dispersivity, molecular diffusion, initial water 
saturation, porosity, surfactant concentration and injection rate. It is found that the parameters the most impacted 
by gridblock size due to physical dispersion are the longitudinal dispersivity and the surfactant concentration on a 
homogeneous 1D model. Molecular diffusion, porosity and rate of injection are shown to be quite insensitive to 
grid blocks size for physical dispersion. Numerical dispersion occurred in all simulations and was characterized 
by a drop in effective salinity. 
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Abstract 
Surfactant Polymer (SP) flooding is a tertiary oil recovery process involving injection of chemical products in a 
reservoir and can improve significantly the final recovery. In order to use it in the most efficient and economic 
way, one needs to have a thorough understanding of all the chemical interactions and mechanisms taking place 
during the process. This study reviews the process and its mechanisms in a first time and explains its capacity to 
mobilize remaining oil in a reservoir.  
To use SP flooding on a reservoir, it is also necessary to have the best possible evaluation and prediction of the 
process. This is done through simulations on a chemical flooding reservoir simulator UTCHEM but chemical 
flooding requires a very large number of cells in order to reproduce accurately all the mechanisms taking place. 
The problem is that these simulations are very intense computationally and the model used need to be upscaled. 
But mechanisms taking place in chemical flooding are complex and upscaling is not easy. This can be done by 
examining the scale dependence of the parameters involved to determine which ones have to be upscaled. A 
method proposed by Delshad et al.(2010) to upscale effective salinity is reviewed in this paper. However, this 
technique is not physically correct as it modifies the optimum salinity which is a fundamental phase behavior 
parameter. 
From the findings of this paper, the scale dependence of dispersion is investigated. By the understanding of its 
model in UTCHEM, its parameters have been investigated through different SP simulations in a core at different 
grid block sizes. This study shows the scale dependence of dispersivity, molecular diffusion, initial water 
saturation, porosity, surfactant concentration and injection rate. It is found that the parameters most impacted by 
gridblock size due to physical dispersion are the longitudinal dispersivity and the surfactant concentration on a 
homogeneous 1D model. Molecular diffusion, porosity and injectant velocity are shown to be quite insensitive to 
grid blocks size for physical dispersion. Numerical dispersion occurred in all simulations and was characterized 
by a drop in effective salinity. 
Introduction 
Fossil fuels supply nowadays more than 85% of the world’s energy. The current annual production is 
approximately 32 billion barrels in the world but 66% of all the oil discovered remains in the reservoirs after 
using conventional recovery methods (Sheng, 2010). As there is a growing demand in oil and reserves are 
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depleting, enhanced oil recovery (EOR) becomes crucial to recover the maximum oil. Most of the fields are 
waterflooded after primary recovery and chemical EOR is the next step, often called a tertiary oil recovery (Green 
and Willhite, 1998).  It is characterized by injection of special fluids such as chemicals, miscible gases, and/or the 
injection of thermal energy. This study focuses on the injection of chemicals, more specifically of surfactant and 
polymer. 
In order to use this process efficiently, it must be carefully reviewed in order to know how it works and how it is 
designed. Best data available to achieve this are cores and plugs which are actual reservoir sample. Experiments 
in laboratory allow optimizing the chemical phase behavior and then relate it to an oil reservoir (Stoll et al., 
2010). These experiments will be used to determine petrophysical and petrochemical parameters like the porosity 
or the molecular diffusion  that will be inputs in a reservoir simulator. The software used in this study is 
UTCHEM developed by the University of Texas. It is using a simplified model for surfactant polymer flooding 
that shows good agreements with the reality (UTCHEM, 2013). Flow simulation will be performed using a 
geological model which contains a large amount of cells and therefore is computationally intensive. To remedy, a 
coarser model defined by upscaling is sometimes used. Upscaling refers to the methodology to calibrate the 
results to those of accurate fine grid simulations. In Lee (2013), polymer adsorption is upscaled by multiplying it 
by a coefficient that depends on the scale. In Larssen (2013), polymer flooding is upscaled through upscaling of 
permeability reduction factor, adsorption and residual resistance factor. However, there is a little work published 
on the upscaling of surfactant polymer flooding. 
Recently, Delshad et al. (2010) developed a technique for this purpose. In this work, effective salinity and 
interfacial tension are upscaled. It has been observed on simulations done on UTCHEM that effective salinity 
changes when the model is coarsened. This is an issue as Nelson and Pope (1977) and Hirasaki et al. (1983) 
showed the importance of salinity on phase behavior. This variation in salinity can be explained by a different 
physical dispersion behavior on bigger grid blocks. There is then a need to define a methodology to upscale 
dispersion at the core scale for a larger grid block. Adepoju et al. (2013) developed a method to determine 
approximately the maximum grid block size that will maintain a similar level of dispersion (numerical and 
physical) between fine and coarse model in the case a miscible flood. In Garmeh and Johns (2009), scaling groups 
are derived for a miscible flow and dispersivities are estimated from these groups at different grid sizes. The first 
step is to understand how dispersion is modeled in UTCHEM and to study the impact of scale on the dispersive 
flux parameters. The scale dependence of each of these parameters is determined through SP simulations at 
different grid sizes for a 1D homogeneous case.  
Surfactant Polymer Flooding Concepts and Mechanisms 
Before presenting the process in a whole, each individual component is discussed first. 
Polymer Flooding 
Polymer is injected in a reservoir first for its capacity of increasing the viscosity of the injectant, which is usually 
a waterflood. Indeed, due to the high molecular weight and viscosity enhancing property, polymer decreases the 
mobility of the flood and hence improves the sweep efficiency (Lake, 1989). 
A different property that has been discussed only recently is the viscoelastic behavior of polymer. This 
mechanism creates a stress between oil and polymer, so polymer will pull out oil droplets and oil films from dead 
end pores and the residual oil saturation will be decreased (Wang et al., 2000). 
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One other interesting aspect of polymer flooding is its economic impact because a reduced amount of water will 
be injected and produced compared to waterflooding only (Sheng, 2001). This is due to the augmented sweep 
efficiency: less water will be produced and injected. This can be very interesting in offshore environment where 
water and its treatment could be costly. 
Surfactant Flooding 
The injection of surfactants will change the phase behavior properties in the reservoir and the remaining oil will 
be mobilized by lowering the Interfacial Tension (IFT). This can be understood by the definition of the capillary 
number Nc (James et al, (2013)): 
𝑁𝑐 =
𝑢𝜇
𝜎
            (1) 
where μ is the displacing fluid viscosity, u the displacing velocity and σ the interfacial tension between the 
displacing and displaced fluids. So if the capillary number is increased, the interfacial tension decreases this leads 
to lower residual oil saturation (Figure 1). 
A typical value for the capillary number is about 10
-7
 (James et al., 2013) but in order to reduce the residual oil 
saturation, it must be higher. Surfactants will reduce the IFT and the capillary number will be increased more than 
1000 times. The recovery will then be consequently better. 
 
Figure 1: Principle of surfactant flooding, [O'Brien, 1982] 
In order to have a successful surfactant flooding, the formation of microemulsions is essential. Surfactants are 
composed of dispersed molecules called monomers, which have a hydrophilic and a hydrophobic part and hence 
give the possibility to mix two immiscible fluids (Pashley and Karaman, 2004, p. 62). At high concentration of 
the surfactant, monomers are dispersed and form aggregates but above the Critical Micelle Concentration, 
micelles are formed. Two immiscible phases made soluble by micelles are known as microemulsion systems. 
(Figure 2) They have the particularity of being thermodynamically stable (Curbelo et al., 2007). 
 
Figure 2: Micelle formation [Sandersen, 2012] 
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Phase behavior for microemulsion systems is a critical factor determining the success of a chemical flood. The 
equilibrium between the displacing and displaced fluids very likely will affect the recovery efficiency. There are 
typically three systems to describe the phases that are defined in Salager et al., 1979 (Figure 3): 
 Winsor I systems: the multiphase region has lower-phase microemulsion in equilibrium with excess of oil 
(Figure 3a). There are two phases: one composed of water and one composed of microemulsions of water 
in oil 
 Winsor II systems: upper-phase microemulsions in equilibrium with excess of water or brine (Figure 3c). 
It is composed of an oil phase and a microemulsions phase with oil in water. 
 Winsor III systems: middle phase microemulsion (Figure 3b). There are 3 phases, oil, water and 
microemulsions. 
These systems are salinity dependant: a low or high salinity will lead to Winsor I (Type II-) and Winsor II (Type 
II+) respectively and an ‘optimal’ salinity will lead to Winsor III (Type III). This last system is the desired one as 
experiments have shown that it gives the best oil recovery (Pope and Nelson, 1978). The diagram below gives the 
number of phases depending on the concentration of each component (from 0% to 100% following the arrows). 
 
Figure 3: Description of the various phase behaviors [Salager et al., 1979] 
Another surfactant called alkali can sometimes be added in the injection process. This component called soap 
reacts with the acid component in a crude oil and it will reduce the adsorption of surfactant on the grain surfaces 
(Hirasaki et al., 2005). Adding alkali will help to compensate for surfactant depletion in the phases due to 
surfactant retention. The surfactant will then work more efficiently and we will need to inject less of it. 
Surfactant Polymer Flooding 
Surfactant Polymer (SP) flooding is the process of injecting surfactant in a reservoir to improve the oil recovery 
(Lake, 1988). It consists of injecting different slugs in a reservoir to improve the sweep efficiency (Figure 4). The 
successive slugs are composed of: 
 A preflush: a water preflush is injected to change the brine salinity or other rock/fluid properties like the 
pH (Surkalo et al., 1980). This will indeed reduce adsorption and loss of the surfactant that follows. The 
volume of the preflush in pilot tests can be as large as 100% of the pore volume; however this amount is 
not practical in full field applications. 
 Chemicals: a micellar solution containing four, five or more components is injected. The four basic 
components are surfactant, hydrocarbon, polymer and water (Gogarty et al., 1967). To improve viscosity, 
alcohol is also often added. This slug usually ranges around 3% of the reservoir pore volume.  
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 Mobility buffer: Due to the cost of the surfactant solution, a limited slug is used and must be displaced 
with a less expensive fluid. To serve that purpose, polymer will be employed instead of water that has an 
unfavorable mobility ratio (Green and Wilhite, 1998). The SP slug and the banked oil will be pushed to 
the production wells resulting in higher sweep efficiency. Volumes up to 100% pore volume can be 
injected. 
 Drive water: Injecting large pore volumes of polymer would be expensive so chase water is injected to 
reduce costs. If the flood is well designed, most of the remaining oil could be already produced without 
injecting water (Rai, 2008). 
 
Figure 4: Surfactant Polymer flooding slugs injection [Sandersen, 2012] 
A well designed SP flooding can improve the recovery factor up to an additional 35%. In James et al., (2013), 21 
SP projects where investigated and the incremental oil recovery was of 21% averagely. This is already a good 
result, but better understanding of the process and how to simulate it could lead to greater recovery. In the next 
part, a simplified model to simulate this process will be reviewed and due to the computationally challenge 
associated to this process on fine grid models, we will review the different ways to upscale it. 
Surfactant Polymer Upscaling 
In order to design properly a Surfactant Polymer flooding in a reservoir, it is necessary to build geological model 
with a very large number of grid blocks in order to capture important geological features. However, it can be very 
challenging computationally to perform such field scale simulations. Moreover, many simulations for economic 
optimization and design have to be performed. 
A commonly used simulator for chemical flooding is UTCHEM developed at the University of Texas. The 
problem is that this kind of simulation is generally intense computationally. Upscaling the reservoir model to a 
coarser grid has then to be considered. To do that, static properties like porosity, permeability, residual oil and 
water saturations are upscaled using single phase flow and volume averaging techniques. Due to the highly 
coupled, non linear interactions of the many physical and chemical processes involved in chemical flooding, 
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coarse grids will not reproduce correctly all the properties. This is why we need to determine what parameters are 
grid size dependant and therefore need to be pseudoized at a coarser level to reproduce all small effects created by 
the porous medium. 
In Delshad et al., (2010), a 2100x2400x37 feet model with 10 injectors and 7 producers is considered and 
different grid sizes are generated. Static properties like permeability, porosity, residual oil and water saturations 
are upscaled using a single phase scale-up scheme. Properties related to the chemicals like polymer viscosity, 
phase behavior and adsorption parameters are obtained from matching laboratory data. The injection process is as 
follow: injection of water, of a chemical slug and a polymer drive are performed. Seven SP simulations are done 
on different grid size and it is noticed that oil recovery is modified with grid size. Indeed, it is decreased when the 
grids are coarsened in areal direction and a reverse trend is observed in vertical direction. So thickness has less 
impact than gridblocks area on the recovery. There is thus a need to identify key parameters that are grid size 
dependant.  
The salinity is shown to be very sensitive to upscaling. Effective salinity profiles are very different on two grid 
sizes and the type III microemulsion region (situated between lower and upper limits of effective salinity: CSEL 
and CSEU) is not reached. This has a significant impact on oil recovery as the surfactant is not able anymore to 
mobilize the remaining oil. This is due to large dilution in the coarse gridblocks. 
It is shown that the key phenomenon controlling oil recovery is the dilution of surfactant concentration which will 
change the phase behavior. Coarse grid causes smearing of the injectant and effective salinity will be below the 
optimum region as shown in the graph in Figure 5. This is why in this paper a pseudo optimum salinity is 
introduced. It widens type III zone so that diluted effective salinity is still in the optimum region (Figure 5). 
Simulations using these new parameters showed good match. 
 
Figure 5: Effective salinity profile for different grid size models after 0.5 PV chemical injection [Delshad et al., 2010] 
Dispersion modeling in UTCHEM 
Dispersion can cause a solute to dilute and occupy larger volume (Kitanidis, 1994) and this mechanism has been 
shown to be scale dependant in Gholamreza et al., (2009). They stated that as fluids travel through a reservoir, the 
contact areas between the phases were larger and then there was more mixing due to molecular diffusion. This 
microscopic mixing is also due to the mixing of miscible phases caused by local velocity variations associated 
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with miscroscopic heterogeneities and tortuosity of the porous media (Bear, 1961). Hydrodynamic dispersion is 
defined as the combined effects of molecular diffusion and velocity variations due to the media. Dispersion in 
UTCHEM follows a generalization of Fick’s law to multiphase flow in porous media. A Fickian model states that 
the dispersive flux is proportional to the gradient of the concentration of a solute in a phase. This macroscopic 
flux accounts for microscopic behavior of the fluids in the form of a dispersion coefficient. The total flux is then 
divided in 3 fluxes due to convection, dispersion and diffusion. 
To understand properly how the dispersion is modeled in UTCHEM, we look at the definition given by Bear, 
(1979) in detail. At the microscopic level, molecular diffusion for a single species in a phase is defined by Fick’s 
law for a homogeneous fluid as: 
𝑗 = 𝐷𝑑𝑖𝑓𝑓 ∇⃗⃗𝑐        (2) 
Where Ddiff is the tensor of molecular diffusion of a component in a fluid phase and C is the concentration of the 
component in the phase. To find the flux in a porous media, the previous equation is averaged as follow: 
𝑗̅ = 𝐽 = 𝐷𝑑𝑖𝑓𝑓 ∇⃗⃗𝑐
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = 𝐷𝑑𝑖𝑓𝑓
∗ ∇⃗⃗𝑐̅           (3) 
Where 
*
diffD is the coefficient of molecular diffusion in a porous medium and c is the averaged concentration of 
the component. The coefficient of molecular diffusion is a second rank symmetric tensor and can be expressed as 
(Grathwohl, 1998): 
𝐷𝑑𝑖𝑓𝑓
∗ =
𝐷𝑒𝜑𝑆
𝜏
𝛿𝑖𝑗              (4) 
Where ϕ is the porosity, S the saturation of the phase, τ the tortuosity defined as a macroscopic geometrical 
coefficient expressing effects of microscopic phase surface on the diffusive flux and De is the molecular diffusion 
of the component in the phase. 
Mechanical dispersion is also represented by a Fickian type law with a dispersion coefficient D that depends on 
velocity of the fluid and the geometry of the void space: 
𝐷𝑖𝑗 = 𝛼𝑇𝑉𝛿𝑖𝑗 + (𝛼𝐿 − 𝛼𝑇)
𝑉𝑖𝑉𝑗
𝑉
           (5)              In 1D it reduces to ∶  
V
V
aaVaD xTLTxx
2
)(            (5.1) 
Where L and T  are the longitudinal and transverse dispersivities, V the average velocity and Vi and Vj are the 
velocity tensor. The dispersivities represent a length that characterizes the microscopic configuration of the phase 
within the media (Bear, 1979). Summing up the two fluxes, we find the definition of the dispersive flux for a 
component in a single phase given in UTCHEM manual: 
?⃗⃗? = (
𝐷𝑒𝜑𝑆
𝜏
𝛿𝑖𝑗 + 𝛼𝑇𝑉𝛿𝑖𝑗 + (𝛼𝐿 − 𝛼𝑇)
𝑉𝑖𝑉𝑗
𝑉
) ∇c⃗⃗⃗⃗⃗       (6) 
Franchi, (1983), showed that numerical dispersion also occurs when grid size is changed. Indeed, when the size of 
the grid blocks is increased, the numerical dispersion is increased. The total dispersion is the sum of numerical 
and physical dispersion. 
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Methodology 
The objective of this study is to see the influence of grid size on parameters of the dispersive flux (Eq. 6). 
Assuming (as stated above) that the effective salinity is directly impacted by dispersion, the study focuses on its 
variations.  
The simulation workflow is given below: 
1. Retrieve the scale dependence of grid size on dispersion evocated in Delshad’s paper 
2. Study the influence of the variations of the dispersion parameters on the effective salinity, the parameters 
used are given in Table 3 
3. Repeat for different grid blocks sizes: 1x1x5, 1x1x10, 1x1x20 and 1x1x50 
4. Discuss the results 
All simulations are conducted in 1D using UTCHEM. The core parameters used in the base case simulation are 
summarized in table 1 below and the grid block sizes and values of parameters are in Table 2. The values in the 
base case and a high and a low value of the same parameters are used for the simulations. Note that molecular 
diffusion has to be divided by tortuosity in the input values. Saturation effect is studied by varying the initial 
water saturation. Transverse dispersivity is not studied as the model is 1D and the concentration is the surfactant 
concentration in the injection slug. Diffusion values are estimated from the value of molecular dispersion of water 
at 25°C: 2.3.10-9 m2.s-1=0.0022 ft2.day-1. Two values close form this one are defined for the simulations (Table 2). 
Core Length 0.975 ft  Parameter Base Value Low value High Value 
Core Diameter 0.12467 ft  De/τ 0 0.001 0.005 
Porosity 0.24   ϕ 0.24 0.1 0.5 
Permeability 144 mD  Swi 0.81 0.7 0.9 
Initial Water Saturation 0.81   αL 0.015 0 0.04 
Reservoir Pressure 18 PSIA  c 0.02 0.001 0.1 
Reservoir Temperature 181.4 F  Q 0.00324 0.001 0.01 
Chloride and Calcium 
concentrations 
3.945/1.085 Meq/mL      
Water viscosity 0.6 cp      
Rock compressibility 0 1/PSI      
Table 1: Reservoir parameters for base case      Table 2: Parameters values chosen    
 
Description of the reservoir simulator 
The University of Texas Chemical Compositional Simulator, UTCHEM (UTCHEM Volumes I and II, 2013) is 
used for modeling the Surfactant Polymer process.  The simulator is capable of modeling various physical and 
chemical phenomena including microemulsion phase behavior and interfacial tension models, compositional 
phase viscosity models, phase trapping models, three phase relative permeability models that depend on trapping 
number, chemical adsorption models and polymer rheological models. 
Model Description 
The core is 0.975 ft long and has a diameter of 0.12467 ft. It is modeled in 1D with 50 blocks of constant size of 
0.0195 ft in the Z direction. There are one injector and one producer at the ends of the core. The model is assumed 
homogeneous so we have a constant porosity and a constant permeability throughout the grid blocks. Oil in the 
core has an initial saturation of 0.19 and has a viscosity of 1.8cP. 
?⃗⃗? = (
𝐷𝑒𝜑𝑆
𝜏
𝛿𝑖𝑗 + 𝛼𝑇𝑉𝛿𝑖𝑗 + (𝛼𝐿 − 𝛼𝑇)
𝑉𝑖𝑉𝑗
𝑉
) ∇c⃗⃗⃗⃗⃗       (6) 
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Polymer viscosity, phase behavior and surfactant and polymer adsorption parameters were obtained by using 
laboratory data including coreflood experiments results. The formation has fresh water with very high salinity of 
about 4 meq/ml at the start of the chemicals injection. A 0.2 Pore Volume (PV) chemical slug is injected followed 
by a 2.3 PV polymer drive. Their composition and the constraints applied to the inlet and outlet are given in Table 
3. 
 Surfactant Polymer 
Inlet rate constraint 0.003024 ft3/day 
Outlet pressure constraint 18 PSI 
Main Slug 0.2  PV 
0.02 vol% surfactant 
0.53 wt% polymer 
1.145 wt% anion 
0.116 wt% calcium 
Polymer drive 2.3 PV 
1 vol% water 
0.47 wt% polymer 
0.706 wt% anion 
0.111 wt% calcium 
Table 3: Injection scheme 
Simulations Results 
Grid block size dependency 
The purpose of this first simulation is to verify the reproducibility of the findings in Delshad’s paper about the 
impact of grid size on the effective salinity (Delshad, 2010). The base case is simulated on grids of size 1x1x50, 
1x1x20, 1x1x10 and 1x1x5 with constant length blocks. The results are given for the core after 0.5 PV injection in 
Figure 6. The effective salinity against the dimensionless distance of the core is displayed. The surfactant slug has 
almost reached the end of the plug (Dimensionless distance=1) and the effective salinity has been lowered due to 
the low salinity brine in the chemical slug. The time step chosen was 1E-05 and UTCHEM uses a IMPES 
temporal discretization. 
 
Figure 6: Effective Salinity profiles for different grid block sizes after 0.5 PV injection 
The most accurate representation of effective salinity is reproduced by the 50 blocks model as it is the finest 
model. It shows that the high salinity medium (4 meq/mL) has been almost completely invaded by the injectant of 
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low salinity (0.7 meq/mL). As the injectant progresses through the core, the effective salinity is decreased and the 
figure displayed is a particular instant captured. When the grid is coarsened until 5 blocks, the same behavior for 
effective salinity than in Delshad’s paper is observed. Indeed, where the surfactant slug is present, the effective 
salinity is lowered. 
Therefore, each parameter of the dispersive flux will be investigated to determine the influence of grid size on it. 
This is done in order to know which parameters create a different dispersion behavior on a larger scale. The 
parameters that are estimated scale dependent may need to be upscaled to match the dispersion behavior on fine 
and coarse models. This study will be performed varying the parameters mentioned above except for the 
transverse dispersivity that is not relevant in 1D. 
Longitudinal dispersivity 
The first parameter tested is the longitudinal dispersivity. Simulations are performed for the values listed in Table 
2 for the same grid sizes cited previously: 1x1x5, 1x1x10, 1x1x20 and 1x1x50. For the simplicity of this study, it 
is assumed that the value of dispersivity is the same in all the phases. The other parameters are kept constant with 
values attributed in the base case. Results are given below in Figure 7. 
  
  
Figure 7: Effective salinity for different values of longitudinal dispersivity for 5 blocks (a), 10 blocks (b), 20 blocks (c) and 50 blocks 
(d). Dispersivities are in ft 
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Larger dispersivities leading to larger dispersion, the effective salinity is lowered in the surfactant slug when 
dispersion in increased. It is also noticed that the coarser the model, the less the effective salinity is impacted by 
dispersivity. 
Molecular Diffusion (Tortuosity weighted) 
The next parameter tested is the molecular diffusion. In the base case model, it is assumed that there is no 
molecular diffusion for all the components for simplicity in calculations. In the simulations, a high and a low 
value of molecular diffusion are tested (Table 2). It is assumed that the molecular diffusion is the same for all the 
components in the same phase. Results are displayed in Figure 8 and correspond at the core after 0.5 PV injection. 
   
  
Figure 8: Effective salinity for different values of molecular diffusion for 5 blocks (a), 10 blocks (b), 20 blocks (c) and 50 blocks (d). 
Diffusions are in ft2/day 
It can be seen on Figure 8 (a) that for a very coarse model, a large molecular diffusion has a strong impact on the 
effective salinity. However for all other models, it has almost no influence and the effective salinities for different 
molecular diffusions are very similar. So, molecular diffusion seems to impact effective salinity only for very 
coarse models. 
Initial Water Saturation 
The dependence of dispersion on phase saturation was tested through the variation of the initial water saturation. 
The base value is 0.81 and the values chosen of 0.7 and 0.9 correspond respectively to a core with more and less 
oil. Other parameters are again kept constant, grid block sizes are the same and the results are displayed after 
0.5PV injection in Figure 9. 
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Figure 9: Effective salinity for different values of initial water saturation for 5 blocks (a), 10 blocks (b), 20 blocks (c) and 50 blocks 
(d).  
It can be observed here that effective salinity is slightly affected by variations of initial water saturation but the 
grid size doesn’t seem to have any impact on it. The little difference in results from a saturation to another 
observed at each scale is only due to the initial input of initial water saturation. 
Porosity 
Different values for porosity were tested. The base case has a porosity of 0.24 and values of very low and very 
high porosity were tested (Table 2). Results for the 5 grid blocks case are displayed in Figure 10. With other grid 
sizes, variations of porosity had no effect at all on effective salinity. This can be found in Appendix A. 
 
Figure 10: Effective salinity for different values of porosity for 5 blocks 
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A very slight shift is observed near the outlet of the core in effective salinity. On other grid sizes, effective 
salinities are strictly the same. Porosity is nearly not impacted by the grid size in this case. 
Concentration 
Surfactant concentration was varied from its original value of 0.02 vol% to a high and low value (Table 2). 
Simulations are performed for these different values keeping other parameters constant and the results are 
displayed in Figure 11 after 0.5PV injection. 
  
  
Figure 11: Effective salinity for different values of surfactant concentration for 5 blocks (a), 10 blocks (b), 20 blocks (c) and 50 
blocks (d), concentration are in vol% 
The surfactant has for effect to increase the effective salinity when its concentration is increased. The other 
noticeable effect is that this shift in effective salinity is greater for finer models, starting from approximately no 
variation to gaps up to 0.36 meq/ml. An average difference of 5% was seen between the two extreme 
concentrations on 5 grid blocks, 9% on 10 grid blocks, 13% on 20 grid blocks and 17% on 50 grid blocks 
(Appendix B). The concentration is therefore grid size dependant. There is a low estimation of dispersion on 
coarse grid size and over estimation on fine grid size. 
Injection rate 
The last parameter in the dispersive flux equation (Eq. 6) tested was the injection rate. Values chosen are given in 
Table 2. The simulations were performed following the same scheme. The results are displayed in Appendix A, 
there were no change for variation of grid size or values of parameters. 
Discussion 
In this part, simulation results are discussed successively for each parameter. 
-0.5
0.5
1.5
2.5
3.5
4.5
0 0.2 0.4 0.6 0.8 1E
ff
e
ct
iv
e
 s
la
in
it
y,
 m
e
q
/m
l 
Dimensionless distance 
C=0.001 C=0.02 C=0.1
-0.5
0.5
1.5
2.5
3.5
4.5
0 0.2 0.4 0.6 0.8 1E
ff
e
ct
iv
e
 s
al
in
it
y,
 m
e
q
/m
l 
Dimensionless distance 
C=0.001 C=0.02 C=0.1
-0.5
0.5
1.5
2.5
3.5
4.5
0 0.2 0.4 0.6 0.8 1
Ef
fe
ct
iv
e
 s
al
in
it
y,
 m
e
q
/m
l 
Dimensionless distance 
C=0.001 C=0.02 C=0.1
-0.5
0.5
1.5
2.5
3.5
4.5
0 0.2 0.4 0.6 0.8 1
Ef
fe
ct
iv
e
 s
al
in
it
y,
 m
e
q
/m
l 
Dimensionless distance 
C=0.001 C=0.02 C=0.1
a b 
c d 
Grid size sensitivity analysis of dispersion parameters in surfactant polymer flooding 
 
14 
 
 Longitudinal dispersivity: On Figure 7, this parameter was shown to be strongly impacted by the grid 
size. On finer grid size, variations of this parameter lead to greater variations of dispersion and hence of 
effective salinity. However, numerical dispersion should induce more dispersion on coarser grid sizes. 
The maximum value of effective salinity is reduced on coarse blocks but varying dispersivity brings more 
dispersion on finer models. As dispersion is the sum of numerical and physical dispersion, it leads to 
think that mechanical dispersion played a role here. Longitudinal dispersivity is then an important 
parameter that should be considered in upscaling schemes. According to Garmeh et al., 2009, measured 
dispersivities from core floods are in the range of 0.1 mm to 10 mm while dispersivities measured at the 
field scale are much larger by two to four orders of magnitude. To reduce the impact of this phenomenon 
while upscaling, a possible way would be to multiply it by a coefficient that would be dependent on the 
scale. 
 Molecular diffusion: diffusion was shown not being sensitive to grid size, except for a very coarse model 
and for large values of this parameter (Figure 8). The same drop in salinity is observed here. From what 
was said previously, the reason would be numerical dispersion only. Hence, this parameter does not seem 
scale dependant but an upscaling should be considered in case of highly coarse model. 
 Phase saturation: physical dispersion for saturation was shown to be insensitive to grid size variations 
(Figure 9). But considering only this parameter cannot allow conclusion as it concerns only the water 
phase.  
 Porosity: this parameter showed insensitivity to grid size for mechanical dispersion (Figure 10). Only a 
small variation was observed in the case of a very coarse model (5 blocks). This can be explained by the 
homogeneous model studied. A heterogeneous model where porosity would be upscaled using volume 
averaging techniques would show if this parameter has a real impact on dispersion at different scales. 
 Concentration: surfactant concentration was shown to be sensitive to grid size (Figure 11). As for 
dispersivity, finer models lead to greater dispersion when the concentration is changed. This confirms the 
affirmation in Delshad’s paper stating that there is more dilution of surfactant in greater grid block size 
(Delshad, 2010). Similarly to dispersivity, dispersion increases when the model becomes finer, so 
physical dispersion seems to play a role here again. It also shows that there is more mixing taking place 
on finer models. 
 Phase velocity: the impact of this parameter was tested through the variation of injection rate but the 
effective salinity remained exactly the same at different scales for different values. However, changing 
the rate of injection affects all the phase velocities so this simulation cannot allow us to conclude on the 
importance of this parameter. 
This study showed the importance of longitudinal dispersivity and surfactant concentration in the scale 
dependence of physical dispersion. Molecular diffusion and porosity were shown to be quite insensitive for 
physical dispersion in this case, as for phase velocity.  
A future work would be to perform these simulations on a heterogeneous model and in 2D and 3D in order to 
apply these results to a real reservoir. The impact of the two kind of dispersion should be investigated separately  
to see their real dependency on grid size. 
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Conclusion 
In this study, the Surfactant Polymer flooding process and its ability to mobilize the remaining oil in a reservoir 
has been reviewed. The main features of polymer and surfactant were explained and it was shown how a flooding 
is proceded. A focus was made on microemulsions as their role is crucial for an effective surfactant flooding. 
In a second time, scale dependence of dispersion was investigated. It was explained how dispersion in UTCHEM 
is modeled and the parameters that impact mechanical dispersion were listed. These scale dependence of these 
parameters was tested through Surfactant Polymer flooding simulations. The analysis of the results showed that 
the most sensitive parameters for mechanical dispersion were the longitudinal dispersivity and the surfactant 
concentration when a grid size is modified. Hence, these parameters should be adjusted when the grid size varies. 
The other parameters considered: molecular diffusion, porosity and phase velocity showed to be insensitive to 
grid size in a homogeneous 1D model for mechanical dispersion. Further studies on 2D and 3D cases and on 
heterogeneous models would complete this study in order to apply these results on a actual reservoir case. 
Nomenclature 
cN  Capillary Number 
u Displacing fluid velocity  (ft.s
-1
) 
μ Fluid viscosity (cP) 
σ Interfacial tension (kg.s2) 
j Microscopic flux (mol.m
-2
.s
-1
) 
J Macroscopic flux (mol.m
-2
.s
-1
) 
diffD  Tensor of molecular diffusion of a species in a phase (ft
2
.s
-1
) 
c Concentration of a species in a phase (kg.ft
-3
) 
*
diffD  Tensor of molecular dispersion of a species in a phase in a porous media 
eD  Molecular diffusion (ft
2
.s
-1
) 
ϕ Porosity 
S Saturation of phase 
τ Tortuosity 
L  Longitudinal dispersivity (ft) 
T  Transverse dispersivity (ft) 
V Average velocity (ft. s
-1
) 
Vi Velocity in the i direction (i=x,y,z) (ft. s
-1
) 
D Tensor of dispersion of the mass of a species in a phase 
CSE Effective salinity for phase behavior and surfactant adsorption (mEq.mL
-1
) 
CSEL Salinity for Type II(-)/III phase boundary or lower effective salinity limit (mEq.mL
-1
) 
CSEU Salinity for Type III/II(+) phase boundary or upper effective salinity limit (mEq.mL
-1
) 
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Critical Literature Review 
Grid size sensitivity analysis of dispersion parameters in surfactant polymer 
flooding 
 
SPE Paper n Year Title Authors Contribution 
7054 1979 Optimum formulation of 
surfactant/ water/ oil 
systems for minimum 
interfacial tension of 
phase behavior 
Salager, J.L., 
Morgan, J.C., 
Schechter, R.S., 
Wade, W.H. and 
Vasquez, E. 
Gave a precise description of the 
microemulsions systems. Provided 
knowledge on surfactant flooding 
and its mechanisms 
Book 1979 Hydraulics of 
Groundwater 
Bear J. Provided of precise knowledge on 
how mechanical dispersion is 
modeled in the UTCHEM model.  
Oilfield 
review 
1989 A niche for enhanced oil 
recovery in the 1990s 
Lake L.W. Provided in depth knowledge on 
polymer flooding model. 
SPEJ 1983 Evaluation of the salinity 
gradient concept in 
surfactant flooding 
Hirasaki GJ, van 
Domselar 
Provided information on the role 
played by salinity in surfactant 
flooding 
165358 2013 A comprehensive review 
of ASP Flooding 
 
James J. Sheng Provided information on the 
process, of screening criteria and of 
laboratory and simulation work 
 
124000 2009 Upscaling of Miscible 
Floods in Heterogeneous 
Reservoirs Considering 
Reservoir Mixing 
 
Gholamreza 
Garmeh and 
Russell T. Johns 
 
Shows how to estimate the level of 
dispersion in a reservoir and how 
to incorporate the mechanism into 
the upscaling procedure with 
scaling groups 
 
PhD Thesis 2013 Scale-up of Dispersion 
for Simulation of 
Miscible Displacements 
Adepoju Provided a methodology to 
estimate the maximum grid block 
size that will keep an equivalent 
level of mixing 
135543 2010 Scaleup methodology for 
chemical flooding 
Mojdeh Delshad, 
SPE, and Gary A. 
Pope 
 
Provided a methodology to upscale 
effective salinity and interfacial 
tension in the case of a 
heterogeneous model 
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SPE 7054 - Optimum formulation of surfactant/ water/ oil systems for minimum interfacial tension of 
phase behavior 
Author:  
Salager, J.L., Morgan, J.C., Schechter, R.S., Wade, W.H. and Vasquez, E., 
Contribution to Grid size sensitivity analysis of dispersion parameters in surfactant polymer flooding: 
Gave a precise description of the microemulsions systems. Provided knowledge on surfactant flooding and its 
mechanisms 
Objective of Paper: 
1. Define different systems to characterize microemulsion 
2. Show the effect of salinity on microemulsions 
Methodology used: 
Aqueous phases containing surfactant, electrolyte (NaCl), and alcohol were contacted with an oil phase by 
shaking and allowed to stand until phase phase by shaking and allowed to stand until phase volumes became time 
independent for 2 days. 
 
Conclusions reached: 
Sets of variables that give middle-phase microemulsions are shown as identical to those defining the low tension 
state without observable middle phases.  
 
Comments: 
 
 
 
 
 
 
 
 
 
Grid size sensitivity analysis of dispersion parameters in surfactant polymer flooding 
 
19 
 
 
SPE 165358 : A comprehensive review of ASP Flooding 
Author:  
James Sheng 
Contribution to Grid size sensitivity analysis of dispersion parameters in surfactant polymer flooding: 
Provided information on the process, of screening criteria and of laboratory and simulation work 
Objective of Paper: 
This paper is to provide a comprehensive review of the ASP process.  
Methodology used: 
Literature review 
Conclusions reached: 
 
Comments: 
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SPE 124000 : Upscaling of Miscible Floods in Heterogeneous Reservoirs Considering Reservoir Mixing 
Author:  
Gholamreza Garmeh and Russell T. Johns 
Contribution to Grid size sensitivity analysis of dispersion parameters in surfactant polymer flooding: 
Shows how to estimate the level of dispersion in a reservoir and how to incorporate the mechanism into the 
upscaling procedure with scaling groups 
Objective of Paper: 
1. Derive key scaling groups for first contact miscible flood and show their impact on dispersion 
2. Determine most important groups that affect dispersion 
3. Determine maximum grid block size to maintain equivalent level of dispersion 
Methodology used: 
Inspectional analysis, Box and Behnken experimental design and estimation of dispersivities at different scales 
using response function from scaling groups 
Conclusions reached: 
1. Local dispersivity is scale dependent and is a function of six scaling groups; the Dykstra-Parsons coefficient, 
the correlation lengths in all directions, the mobility ratio, the aspect ratio, and the dispersion number.  
2. The scale dependence of dispersion is caused by an increase in the contact area between gas and oil with travel 
distance. This enhances the effect of diffusion (mixing) across this contact area.  
3. Mixing is increased as reservoir heterogeneity and correlation lengths increase.  
4. Mixing is decreased as the dispersion number and aspect ratio decrease. There is no scale dependence of 
dispersion   with distance traveled when the dispersion number is zero.  
5. Mixing is increased for larger mobility ratio owing to increased channeling of injected gas through the 
reservoir.  
6. Small grid blocks must be used for reservoirs with uncorrelated permeabilities, while larger grid blocks can be 
used   for more layered reservoirs.  
 
Comments: 
Methodology developped for a miscible flood and not a chemical flood 
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PhD Thesis : Scale-up of Dispersion for Simulation of Miscible Displacements 
Author:  
Adepoju 
Contribution to Grid size sensitivity analysis of dispersion parameters in surfactant polymer flooding: 
Provided a methodology to estimate the maximum grid block size that will keep an equivalent level of mixing 
Objective of Paper: 
This paper is to provide a methodology to estimate maximum grid block size that will maintain equivalent level of 
dispersion  
Methodology used: 
Determination of longitudinal and transverse dispersivities on a model using convective diffusive equation and 
matching of dispersivities at different scales for differetn cases of heterogeneity 
Conclusions reached: 
Maximum grid block size can be estimated from the knowledge of transverse and longitudinal dispersions. 
Comments: 
Only miscible floods considered 
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SPE 135543: Scaleup methodology for chemical flooding 
Author:  
Faiz Koyassan Veedu, SPE, Mojdeh Delshad, SPE, and Gary A. Pope 
Contribution to Grid size sensitivity analysis of dispersion parameters in surfactant polymer flooding: 
Provided a methodology to upscale effective salinity and interfacial tension in the case of a heterogeneous 
model 
Objective of Paper: 
This paper is to provide a methodology to upscale a chemical flooding  
Methodology used: 
Determination of important parameters, explanation of grid size dependence of effective salinity and interfacial 
tension. Creation of pseudo effective salinity and pseudo interfacial tension to match coarse and fine models. 
Conclusions reached: 
The methodology showed very good agreement between fine and coarse models and the importance of grid size 
was underlines 
Comments: 
Not really robust method as one of the most fundamental phase behavior is modified 
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Appendix A 
 
 
Figure 12: Effective salinity for different values of porosity on 10 blocks (a), 20 blocks (b) and 50 blocks (c) 
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Figure 13: Effective salinity for different values of injection rate (0,01; 0,00324 and 0,001 ft3/day for each plot) for 5 blocks (a), 10 
blocks (b), 20 blocks (c) and 50 blocks (d). Rates are in ft3/day 
 
Appendix B 
 
Figure 14: Percentage variation between surfactant concentrations of 0.1 vol% and 0.001% for different grid block sizes 
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